In the cardiovascular system, diverse transcription factors conservatively regulate the functions of cardiomyocytes and their progenitor cells, and participate in cardiac development and homeostasis[@b1]. These transcription factors include Nkx2.5, GATAs, nuclear factor of activated T cells (NFATs), serum response factor (SRF), HAND, TBX and myocyte-specific enhancer-binding factors (MEFs)[@b2]. They control a cardiac gene program and therefore play a crucial role in transcription regulation during embryogenesis. In addition, cardiac transcription factors also regulate homeostasis and the development of heart diseases, such as congenital heart disease[@b3].

The transcription factor Nkx2.5 is crucial for heart development and homeostasis, and mutations in this gene have been implicated in diverse congenital heart diseases and conduction defects in mouse models and humans[@b4]. Nkx2.5 directs the expression of target genes by interacting with its transcriptional co-factors[@b1]. A vast array of cardiac-specific ancillary proteins have been found to interact with Nkx2.5, including GATA4, HAND, TBX2, TBX5, TBX20, PITX2, and SRF[@b5][@b6][@b7]. For example, TBX5 associates with Nkx2.5 and synergistically promotes cardiomyocyte differentiation[@b8]. In addition, a physical association between Nkx2.5 and SRF activates cardiac-specific genes in cardiac cell lineages[@b9].

Post-translational modifications (PTMs) also contribute to the localization, stability and transcriptional activity of Nkx2.5. Diverse PTMs of Nkx2.5 have been reported, including SUMOylation, O-linked N-acetylglucosamination and acetylation[@b5][@b10][@b11]. Wang *et al.* reported that SUMOylation at residue K51 of Nkx2.5 regulates Nkx2.5 DNA binding and its transcriptional activity[@b10]. In addition, high levels of O-GlcNAcylation causes downregulation of Nkx2.5[@b11]. A previous report showed that Nkx2.5 was acetylated by the protein acetyltransferase p300[@b5]; however, it remains unknown how Nkx2.5 is deacetylated. Our previous work demonstrated that the NAD^+^-dependent class III protein deacetylase SIRT1 is a target of Nkx2.5 and contributes to the protective function of Nkx2.5 in cardiomyocytes[@b12]. This finding prompted us to investigate whether SIRT1 can in turn deacetylate Nkx2.5.

In this study, we report that Nkx2.5 interacts with SIRT1 in cardiomyocytes. SIRT1 binds the C-terminus of Nkx2.5 and deacetylates it at lysine 182. SIRT1-mediated deacetylation of Nkx2.5 reduces its interaction with its co-factors (SRF and TBX5) and represses its transcriptional activity. Therefore, SIRT1 deacetylates Nkx2.5 and inhibits its transcriptional activity.

Results
=======

SIRT1 physically interacts with Nkx2.5
--------------------------------------

To determine whether SIRT1 can deacetylate Nkx2.5 and regulate its function, we first investigated the interaction between SIRT1 and Nkx2.5. We overexpressed HA-tagged Nkx2.5 (HA-Nkx2.5) and Myc-tagged SIRT1 (Myc-SIRT1) in HEK293A cells and performed an immunoprecipitation assay with anti-HA or anti-Myc antibodies to determine the interaction of SIRT1 and Nkx2.5. A strong interaction between SIRT1 and Nkx2.5 was detected ([Fig. 1a](#f1){ref-type="fig"},b). We further examined whether endogenous SIRT1 and Nkx2.5 could interact with each other. Therefore, we isolated and cultured neonatal rat cardiomyocytes (NRCMs) and performed an immunoprecipitation assay with anti-SIRT1 or anti-Nkx2.5 antibodies. We found that endogenous SIRT1 and Nkx2.5 interacted with each other in NRCMs ([Fig. 1c](#f1){ref-type="fig"},d). In addition, we performed an immunofluorescence assay to determine the co-localization of HA-Nkx2.5 and Myc-SIRT1 in HEK293A cells. The results showed a significant co-localization between Nkx2.5 and SIRT1 ([Fig. 1e](#f1){ref-type="fig"}). Taken together, these findings demonstrate that SIRT1 can physically interact with Nkx2.5.

SIRT1 directly interacts with Nkx2.5
------------------------------------

We next performed a glutathione S-transferase (GST) pull-down assay to determine whether SIRT1 directly binds Nkx2.5 and which domain(s) of Nkx2.5 bind SIRT1. Purified GST-tagged wide-type Nkx2.5, various GST-tagged Nkx2.5 deletion mutants and purified maltose-binding protein-tagged SIRT1 were subjected to the GST pull-down assay. The results showed that Nkx2.5 directly bound SIRT1 and SIRT1 bound the C-terminus of Nkx2.5 ([Fig. 2a](#f2){ref-type="fig"}), which is considered to have an inhibitory effect on the protein activity of Nkx2.5[@b13]. Interestingly, the immunoprecipitation assay showed that the C-terminus of SIRT1 was sufficient for Nkx2.5 binding ([Fig. 2b](#f2){ref-type="fig"}).

SIRT1 deacetylates Nkx2.5 *in vitro* and *in vivo*
--------------------------------------------------

A previous work demonstrated that p300 acetylated Nkx2.5[@b5]. Consistently, we confirmed that Nkx2.5 interacts with p300 when overexpressed in HEK293A cells ([Fig. 3a](#f3){ref-type="fig"}). We further showed that Nkx2.5 acetylation was increased by p300 but not by mutated p300 (p300∆HAT) or PCAF (another acetyltransferase) in HEK293A cells, and p300-mediated acetylation of Nkx2.5 was dose-dependent ([Fig. 3b](#f3){ref-type="fig"},c; [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). PCAF is an acetyltransferase that acetylates diverse histone and non-histone substrates[@b14]. However, PCAF was not able to deacetylate Nkx2.5, which indicated that Nkx2.5 is a specific acetylation substrate of p300. In addition, we found that the acetylation of Nkx2.5 was increased by overexpressing p300 in NRCMs ([Fig. 3d](#f3){ref-type="fig"}; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). Given that SIRT1 is a known deacetylase and is able to interact with Nkx2.5, we sought to determine whether SIRT1 could deacetylate Nkx2.5. We acetylated GST-Nkx2.5 by co-overexpressing p300 in HEK293A cells, purified GST-tagged Nkx2.5, and performed an *in vitro* deacetylation assay using recombinant human SIRT1. The results showed that Nkx2.5 was deacetylated by SIRT1 in the presence of NAD^+^ ([Fig. 4a](#f4){ref-type="fig"}). Next, we tested the ability of SIRT1 to deacetylate Nkx2.5 in cells. Co-transfection of the SIRT1 and Nkx2.5 expression plasmids substantially decreased levels of acetylated Nkx2.5 ([Fig. 4b](#f4){ref-type="fig"}). However, the enzymatic SIRT1 mutant (SIRT1H363Y) or SIRT2, which is another member of the Sirtuin family, did not deacetylate Nkx2.5 ([Fig. 4b](#f4){ref-type="fig"}). In addition, the deacetylation of Nkx2.5 by SIRT1 was dose-dependent ([Fig. 4c](#f4){ref-type="fig"}). Furthermore, we showed that either pharmacological inhibition of SIRT1 by nicotinamide (NAM) or siRNA-mediated SIRT1 knockdown increased the acetylation of Nkx2.5 in HEK293A cells ([Fig. 4d](#f4){ref-type="fig"},e). Finally, we investigated whether endogenous SIRT1 determined the acetylation of Nkx2.5 in NRCMs. We infected NRCMs with adenovirus that carrying SIRT1-targeting shRNA or control shRNA, and we found that SIRT1 knockdown increased the acetylation of endogenous Nkx2.5 in NRCMs ([Fig. 4f](#f4){ref-type="fig"}). In conclusion, we demonstrate that SIRT1 is able to deacetylate Nkx2.5 in cardiomyocytes.

SIRT1 deacetylates Nkx2.5 at lysine 182
---------------------------------------

Next, we studied which lysine residues are deacetylated by SIRT1 and whether acetylation of Nkx2.5 influences its transcriptional activity. To this end, we mutated lysine (K) residues in Nkx2.5 to arginine (R) residues and screened the functional modification using a luciferase assay with the *ANF* promoter. Of the 13 Nkx2.5 mutations, only the K182R mutant had a significant decrease in transcriptional activity compared to the wide-type Nkx2.5 ([Fig. 5a](#f5){ref-type="fig"}). Previous studies reported that mutations of Nkx2.5 at lysine 183 (lysine 182 in the mouse and rat Nkx2.5) are associated with congenital heart disease (CHD)[@b15][@b16], which indicates that this site is critically important for normal cardiac function. In addition, this site is conserved across species ([Fig. 5b](#f5){ref-type="fig"}). Therefore, we investigated whether this lysine site is acetylated. Indeed, the K182R (lysine (K) to arginine (R)) mutant resulted in a significant reduction in the acetylation of Nkx2.5 ([Fig. 5c](#f5){ref-type="fig"}). To examine whether SIRT1 can deacetylate lysine 182, a fragment of the Nkx2.5 protein (residues 176--195) containing the acetylated lysine (lysine 182) was synthesized and incubated with purified SIRT1. Mass spectrometry (MS) analysis revealed that the acetyl group was removed by SIRT1 ([Fig. 5d](#f5){ref-type="fig"}, see also the MS data in [Supplementary Fig. 3](#S1){ref-type="supplementary-material"} and the enlarged MS/MS data in [Supplementary Fig. 4](#S1){ref-type="supplementary-material"}), indicating that lysine 182 of Nkx2.5 can be deacetylated by SIRT1. Altogether, these findings demonstrate that SIRT1 deacetylates Nkx2.5 at lysine 182, which determines the transcriptional activity of Nkx2.5.

SIRT1 represses the expression of Nkx2.5 target genes
-----------------------------------------------------

Given that SIRT1 deacetylates Nkx2.5 and the acetylation of Nkx2.5 determines its transcriptional activity, we wanted to know whether SIRT1 regulates the expression of Nkx2.5 target genes. Initially, we performed a luciferase assay to investigate whether SIRT1 regulates the effects of Nkx2.5 on the activity of the *ANF* promoter. The luciferase assay showed that Nkx2.5 promoted the activity of the *ANF* promoter, which was inhibited by SIRT1 overexpression ([Fig. 6a](#f6){ref-type="fig"}). In rat cardiomyocytes, we found that adenovirus-mediated overexpression of SIRT1 repressed the mRNA expression of *Anf* ([Fig. 6b](#f6){ref-type="fig"}). Our previous work demonstrated that *Sirt1* is a direct target for Nkx2.5. Nkx2.5 binds the promoter of *Sirt1* and activates its transcription in cardiomyocytes[@b12]. Therefore, we also determined the effect of SIRT1 protein on Nkx2.5-mediated activation of human *SIRT1* promoter. The results indicated that SIRT1 overexpression inhibited Nkx2.5-mediated promoter activation of human *SIRT1* ([Fig. 6c](#f6){ref-type="fig"}). In addition, we inhibited the protein activity of endogenous SIRT1 protein with Sirtinol (a SIRT1 inhibitor) or NAM (a pan-Sirtuin inhibitor) in NRCMs, and found that SIRT1 inhibition promoted the expression of SIRT1 protein in NRCMs ([Fig. 6d](#f6){ref-type="fig"},e). These findings indicate that SIRT1 inhibits the transcriptional activity of Nkx2.5.

SIRT1 represses the interaction between Nkx2.5 and its co-factors
-----------------------------------------------------------------

Next, we explored how SIRT1 regulates the transcriptional activity of Nkx2.5. We performed an electrophoretic mobility shift assay (EMSA) to determine whether SIRT1 affects the DNA-binding capability of Nkx2.5. However, the results showed that SIRT1 or K182R mutation did not affect the DNA-binding capability of Nkx2.5 ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). Nkx2.5 interacts with its co-factors and promotes the transactivation of downstream genes[@b1]. We found that SIRT1 overexpression repressed the interaction between Nkx2.5 and its co-factors, including SRF and TBX5 ([Fig. 7a](#f7){ref-type="fig"},b; [Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). These results imply that SIRT1 regulates Nkx2.5 transcriptional activity, partly by reducing interactions with its co-factors.

Discussion
==========

Of the cardiac transcription factors, only GATA4 and Nkx2.5 were reported to be acetylated. GATA4 is acetylated by p300 and deacetylated by HDAC2[@b17][@b18]. p300 interacts with and acetylates GATA4. Both the acetylated form of GATA4 and the relative level of the p300/GATA4 complex are markedly increased during cardiac hypertrophy[@b17][@b19]. The specific reduction of p300 content or activity diminishes stress-induced hypertrophy and prevents the development of heart failure[@b19]. The chromatin-modifying enzyme HDAC2 functions with a small homeodomain factor, Hopx, to mediate deacetylation of GATA4, and these three factors coordinate to regulate cardiac myocyte proliferation during embryonic development[@b18]. GATA4 interacts with and targets SIRT1 to the *myogenin* promoter, which affects skeletal myogenic differentiation[@b20]. However, SIRT1 was not shown to modify GATA4 directly.

We found that SIRT1 deacetylates Nkx2.5 in cardiomyocytes. The evolutionally conserved homeobox transcription factor Nkx2.5/Csx has been in the forefront in the field of cardiac biology, providing molecular insights into the mechanisms of cardiac development and diseases[@b13]. p300 acts as a Nkx2.5 cofactor and increases Nkx2.5 activity by relieving the conformational impediment of its inhibitory C-terminal domain[@b5]. However, the deacetylation mechanism of Nkx2.5 remains unknown. Here we provide evidence that SIRT1 and p300 modulate Nkx2.5 acetylation in cardiomyocytes. We found that p300 but not PCAF acetylated Nkx2.5, which was deacetylated by SIRT1, but not SIRT2. Furthermore, we found that SIRT1 bound the C-terminus of Nkx2.5 and repressed its transcriptional activity. Therefore, Nkx2.5 is the first identified cardiac transcription factor to be regulated by SIRT1 in cardiomyocytes.

In humans, mutations of Nkx2.5 at lysine 183 (lysine 182 in the mouse and rat Nkx2.5) are associated with congenital heart disease[@b15][@b16]. Mutations at this site decreased the transcriptional activity of Nkx2.5. Our mass spectrometry analysis showed that the acetyl group of Nkx2.5 at lysine 182 was removed by SIRT1, implying that lysine 182 of Nkx2.5 can be deacetylated by SIRT1. Generally, enzymes modify their substrates at the domains where they bind. Nevertheless, distant modification is also common. For example, SIRT1 binds the N-terminus of hMOF and TIP60, but mediates deacetylation of the enzymatic domains of hMOF and TIP60 at C-terminus[@b21][@b22]. In addition, SIRT1 binds the C-terminus of p300. Interestingly, SIRT1 deacetylates p300 at its N-terminus[@b23]. Likewise, we found that SIRT1 binds Nkx2.5 at its C-terminus but modifies residue 182 of the N-terminal homeodomain. This finding also indicates that the C-terminus of Nkx2.5 is also important for regulating the N-terminus activity. Indeed, we also found that lysine 182 was important for the total acetylation level of Nkx2.5 and its transcriptional activity. In addition, Nkx2.5 was still significantly acetylated even when K182R was used, which indicates the presence of other acetylation sites. However, mutations at the other lysines of Nkx2.5 did not affect the transcriptional activity of Nkx2.5, indicating that acetylation of Nkx2.5 at K182 plays the major role in determining the transcriptional activity of Nkx2.5. Nevertheless, we still cannot exclude the possibility that acetylation of the other lysines may regulate the protein stability, translocation and other functions of Nkx2.5. All together, these findings demonstrate that SIRT1 binds the C-terminus of Nkx2.5 and deacetylates it at lysine 182, which determines the transcriptional activity of Nkx2.5. These findings provide new insights into the molecular mechanisms underlying Nkx2.5 mutations in congestive heart diseases.

The function of Nkx2.5 in cardiomyocytes largely depends on co-operation with its co-factors[@b1]. Our evidences showed that SIRT1 regulated the interaction between Nkx2.5 and its co-factors SRF and TBX5, but did not affect the DNA-binding ability of Nkx2.5. Other mechanisms may also contribute to the effect of SIRT1 on Nkx2.5. For example, acetylation and SUMOylation of proteins may link regulatory functions[@b24][@b25]. SIRT1-mediated deacetylation of Nkx2.5 may affect the SUMOylation of Nkx2.5. Wang *et al.* reported that SUMOylation at residue K51 of Nkx2.5 regulated Nkx2.5 DNA binding and its transcriptional activity[@b10]. However, they also showed that expression of the Nkx2.5 mutant (K51R) transgene in wild-type murine hearts did not result in any overt cardiac phenotype[@b26]. In addition, the work by Costa *et al.* showed in a range of cultured cell lines that the point mutation K51R did not affect Nkx2.5 activity or DNA binding[@b27]. Therefore, the function of SUMOylation at the K51 residue is under debate. In our work, we also mutated Nkx2.5 at K51 (K51R). Interestingly, we did not find any effects of this mutation on the transcriptional activity of *ANF* using a luciferase assay, which is consistent with the previous study by Costa *et al.*[@b27]. Therefore, SIRT1-mediated repression of Nkx2.5 transcriptional activity may not rely on the SUMOylation of K51, but partly through inhibition of the interaction between Nkx2.5 and its co-factors.

SIRT1 is expressed at high levels in prenatal hearts and is essential for cardiac development and prenatal survival[@b28][@b29]. In cardiomyocytes, SIRT1 overexpression inhibited the expression of Nkx2.5 target genes, in part through repressing the interaction between Nkx2.5 and its transcriptional co-factors. Our previous work demonstrated that Nkx2.5 could bind the promoter of *Sirt1* and induce its transcription. Nkx2.5 promotes the expression of *Sirt1*, which contributes to Nkx2.5-mediated cardiomyocyte survival[@b12]. Interestingly, SIRT1 in turn deacetylates Nkx2.5 and represses the transcriptional activity of Nkx2.5. Therefore, the Nkx2.5/SIRT1 negative feedback regulatory loop may potentially be involved in cardiomyocyte survival during cardiogenesis and congenital heart diseases.

In summary, we provide evidence that SIRT1 deacetylates the cardiac transcription factor Nkx2.5 and represses its transcriptional activity. SIRT1 binds the C-terminus of Nkx2.5 and deacetylates Nkx2.5 at lysine 182. SIRT1-mediated deacetylation of Nkx2.5 controls its transcriptional activity in part through inhibiting the binding of Nkx2.5 to its co-factors.

Methods
=======

Cell lines and culture
----------------------

HEK293A cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invitrogen) and 1% penicillin-streptomycin mixture. Primary neonatal rat cardiomyocytes (NRCMs) were prepared from Sprague-Dawley rats of 1--3 day-old. All animal protocols were approved by the Animal Care and Use Committee at the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences and Peking Union Medical College (CAMS & PUMC). The methods were carried out in accordance with the relevant guidelines. In detail, PBS containing 0.03% trypsin and 0.04% collagenase type II was used to isolate cardiomyocytes, followed by fibroblast removal using a differential attachment technique. The NRCMs were seeded at a density of 2 × 10^5^ cells per well onto six-well culture plates coated with gelatin in plating medium, which consisted of DMEM supplemented with 10% fetal calf serum, 0.1 mM 5-bromodeoxyuridine (to inhibit fibroblast proliferation) and penicillin/streptomycin[@b30]. Then, the cells were cultured in serum-free DMEM for additional 24 hours before a certain experiment was performed. The NRCMs were treated with nicotinamide (Sigma) or Sirtinol (Sigma) as indicated in the figure legends. All the cells were cultured at 37 °C with 5% CO~2~. Transfection of HEK293A cells was performed with VigoFect transfection kit (Vigorous Biotechnology) according to the manufacturer protocol.

Plasmids and adenovirus
-----------------------

The pTA-Luc plasmid containing a fragment (-2852 bp - +1 bp) of the SIRT1 promoter was kindly provided by Dr. Toren Finkel. The *SIRT1* promoter fragment was amplified by PCR and inserted into a pGL3-basic plasmid (Promega). The *ANF*-Luc plasmid was kindly provided by Dr. Eric N. Olson. Full-length cDNAs including mouse *Nkx2.5* (a gift from Dr. Eric N. Olson), and human *SIRT1* (a gift from Dr. Ishikawa) were sequenced and subcloned into a pcDNA3.1 expression vector. *Nkx2.5* deletion mutant expression vectors were constructed by inserting the mouse *Nkx2.5* cDNA into the pcDNA3.1 vector. Site-directed mutagenesis was carried out using the QuikChange Site-Directed Mutagenesis Kit (Stratagene). The expression construct pcDNA3.1 contains Myc, and a Flag or HA tag.

Replication-defective adenoviral vectors expressing SIRT1 (Ad-SIRT1), p300 (Ad-p300) or control green fluorescent protein (Ad-Ctrl) in addition to a vector for adenovirus-mediated knockdown of SIRT1 (Ad-shSIRT1) or a control shRNA vector (Ad-shCtrl) were generated using the AdEasy Vector kit (Quantum Biotechnologies) according to previously described methods[@b31].

Immunoprecipitation (IP) and western blot
-----------------------------------------

Immunoprecipitation analysis was performed using standard protocols based on previously described methods[@b22]. Cultured cells were lysed with Cell Lysis Buffer (Beyotime) supplemented with a protease inhibitor cocktail (Roche). A total of 40 μg protein were separated on a 12% SDS--polyacrylamide gel (SDS-PAGE). After electrophoresis, the proteins were transferred to PVDF membranes, followed by antigen-blocking in 5% fat-free milk. The membranes were then probed with the indicated antibodies overnight at 4 °C, and then washed and incubated with primary-antibody-matched and HRP-conjugated secondary antibodies (Zhongsanjinqiao) for 2 hours. Finally, the membranes were washed and visualized using Chemiluminescent ECL reagent (Vigorous Biotechnology). The following primary antibodies were used: anti-Myc antibody (Santa Cruz Biotechnology), anti-GST antibody (Santa Cruz Biotechnology), anti-SIRT1 antibody (Santa Cruz Biotechnology), anti-Nkx2.5 antibody (Santa Cruz Biotechnology), anti-HA antibody (Santa Cruz Biotechnology), anti-Flag antibody (Sigma), anti-acetylated lysine (ac-K) antibody (Cell Signaling Technology), and anti-actin antibody (Santa Cruz Biotechnology).

*In vitro* deacetylation assay
------------------------------

The *in vitro* deacetylation assay was performed using the standard protocols based on previously described methods[@b30]. Briefly, acetylated GST-Nkx2.5 (purified from HEK293A cells) was incubated in deacetylation buffer (25 mM Tris-HCl, pH 8.0,137 mM NaCl, 2.7 mM KCl and 1 mM MgCl~2~) in the presence of purified recombinant human SIRT1 (3.5 U; Sigma) and in the presence or absence of NAD^+^ (60 μM; Sigma) at 30 °C for 1 hour. The products of the reaction were resolved using SDS-PAGE and analyzed using western blot.

Quantitative real-time polymerase chain reaction (q-PCR)
--------------------------------------------------------

Total RNA was extracted from cultured cells with TRIzol (Invitrogen) from cultured cells. A total of 1 μg of total RNA was subjected to cDNA synthesis with a ProtoScript^®^ First Strand cDNA Synthesis Kit (New England BioLabs). The cDNA was then subjected to qPCR assay using the SYBR Green Master Mix Kit (TaKaRa). The primers used in the PCR reactions were as follows:

rat *Anf* forward primer, 5′-GAAGATGCCGGTAGAAGATGAG-3′;

rat *Anf* reverse primer, 5′-AGAGCCCTCAGTTTGCTTTTC-3′;

rat *Actin* forward primer, 5′-CGTGAAAAGATGACCCAGAT-3′;

rat *Actin* reverse primer, 5′-ATTGCCGATAGTGATGACCT-3′.

Immunofluorescence assay
------------------------

The immunofluorescence assay was performed according to previously methods[@b32]. Briefly, HEK293A cells expressing Myc-SIRT1 and HA-Nkx2.5 were fixed in 4% paraformaldehyde at room temperature for 10 min. Post-fixative permeabilization was carried out in PBS containing 0.1% Triton X-100 for 10 min. The expression of Myc-SIRT1 or HA-Nkx2.5 was detected using mouse anti-Myc and rabbit anti-HA antibodies, followed by anti-rabbit IgG/TRITC (Invitrogen) and anti-mouse IgG/FITC (Invitrogen) staining. The nuclei were stained with DAPI (Sigma). The images were captured with an Olympus FV1000MPE and analyzed using F1000 Viewer software.

Pull-down assay
---------------

GST-Nkx2.5 or GST-Nkx2.5 deletion mutants and maltose-binding protein-tagged (MBP) SIRT1 were expressed and purified from bacteria using standard protocols based on previously described methods[@b22]. The coding sequence of Nkx2.5 or SIRT1 was ligated into pGEX-KG in fusion with GST or MBP tag for prokaryotic expression and into pMSCV-puro in fusion with GST tag for eukaryotic expression using previously described methods[@b22]. Equimolar quantities of purified GST-labeled proteins were conjugated to glutathione-Sepharose beads and incubated with purified MBP labeled proteins at 4 °C for 16 hours. After five washes, the proteins were eluted and resolved using western blot with anti-SIRT1 or anti-Nkx2.5 antibodies.

Luciferase assay
----------------

HEK293A cells were cultured in triplicate to 80% confluency in 24-well plates and co-transfected with the reporter constructs (pGL3-*ANF*-Luc or pGL3-*SIRT1*-Luc), the expression vectors (SIRT1 or control expressing vectors) and the pRL-TK-Luc internal control plasmid as indicated. Luciferase activity was assessed using a Dual-luciferase Reporter Assay System (Promega).

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

Double-stranded probes were generated by annealing equimolar complementary oligonucleotides in 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 100 mM NaCl, and 13 mM MgCl~2~ as follows: 88 °C for 2 min, 65 °C for 10 min, 37 °C for 10 min, and 25 °C for 5 min. The double-stranded oligonucleotides were end-labeled with \[r-32P\] ATP (3000 mCi/mmol) and T4 polynucleotide kinase. Binding assays contained 32P-labeled oligonucleotide (0.3 ng), 5 μg of nuclear proteins and 1 μg of herring sperm DNA (Promega), and they were adjusted to 20 μl with binding buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl~2~, 0.2 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride and 7.5% glycerol). Binding reactions were carried out at room temperature for 30 min. An aliquot (15 μl) of each reaction was loaded onto a 5% nondenaturing polyacrylamide gel, which was electrophoresed in 0.5X TBE buffer at 120 V. Following electrophoresis, the gels were dried and autoradiographed. In the competition assays, unlabeled competitor oligonucleotides were added at 100-fold excess before the addition of the 32P-labeled probe. For super-shift assay, anti-Nkx2.5 antibody was used. The oligonucleotide probes used in the EMSAs are as follows:

*ANF* antisense, 5′-TGATTTGCCTCAAGAGGCCCCCACTTCAAAGGTGTGA-3′ and

*ANF* sense, 5′-TCACACCTTTGAAGTGGGGGCCTCTTGAGGCAAATCA-3′.

Statistical analysis
--------------------

The values were expressed as the means ± SEM of at least three independent experiments if no additional information was indicated. All the experiments have been repeated at least for three times. Student's *t* test was applied to analyze difference between two groups and one-way ANOVA followed by Bonferroni *post-hoc* test was used to analyze the difference among multiple groups. The statistical analysis was performed with GraphPad Prism 6. *P* values of less than 0.05 were considered to be statistically significant.
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![SIRT1 interacts with Nkx2.5.\
(**a,b**) Myc-SIRT1 interacts with HA-Nkx2.5 in HEK293A cells. Myc-SIRT1 and HA-Nkx2.5 were transfected individually or co-transfected into HEK293A cells for 48 hours. The cell lysates were immunoprecipitated with anti-Myc (**a**) or anti-HA (**b**) antibodies. Then, the immunoprecipitates were subjected to western blot analysis with the indicated antibodies. (**c,d**) SIRT1 interacts with Nkx2.5 in NRCMs. Primary NRCMs were cultured and lysed for immunoprecipitation with anti-SIRT1 (**c**) or anti-Nkx2.5 (**d**) antibodies or control IgG antibody. Then, western blot analysis was performed with the indicated antibodies. (**e**) Immunofluorescence assay showing SIRT1-Nkx2.5 co-localization in HEK293A cells. Myc-SIRT1 and HA-Nkx2.5 were co-transfected into HEK293A cells for 48 hours, and then immunofluorescence was performed to detect SIRT1 and Nkx2.5. Bar = 10 μm.](srep36576-f1){#f1}

![SIRT1 binds to the C-terminus of Nkx2.5.\
(**a**) Schematic presentation of GST-tagged wide-type (NHC) and deletion mutants of Nkx2.5 (left). Purified GST-tagged wide-type and mutated Nkx2.5 and MBP-tagged SIRT1 were subjected to a GST pull-down assay. Western blot assays were performed with the indicated antibodies (right). N: N-terminus; H: Homodomain; and C: C-terminus. (**b**) Schematic representation of Myc-tagged wide-type and deletion mutants of SIRT1 (M1 and M2, left). Wide type and mutated Myc-SIRT1 expressing plasmids were co-transfected with HA-Nkx2.5 into HEK293A cells for 48 hours. Immunoprecipitation and western blot assays were performed with the indicated antibodies (right). N: N-terminus; C: C-terminus. M1: Mutation 1; M2: Mutation 2.](srep36576-f2){#f2}

![P300 interacts with and acetylates Nkx2.5.\
(**a**) HA-p300 and Myc-Nkx2.5 were co-transfected into HEK293A cells for 48 hours. The cell lysates were immunoprecipitated with anti-Myc or control IgG antibodies. The immunoprecipitates were then subjected to western blot analysis with the indicated antibodies. (**b**) Myc-Nkx2.5 was transfected into HEK293A cells without or with p300, p300ΔHAT or PCAF for 48 hours. The cell lysates were immunoprecipitated with anti-Myc antibody, followed by western blot with the indicated antibodies. (**c**) Myc-Nkx2.5 was transfected into HEK293A cells with or without 1 μg (+), 3 μg (++), or 5 μg (+++) of HA-p300 plasmid. The cell lysates were immunoprecipitated with anti-Myc antibody, followed by western blot with the indicated antibodies. (**d**) Primary neonatal rat cardiomyocytes were infected with adenovirus carrying p300 (Ad-p300) or control GFP (Ad-Ctrl) for 48 hours. The cell lysates were immunoprecipitated with an anti-Nkx2.5 antibody, followed by western blot with the indicated antibodies.](srep36576-f3){#f3}

![Nkx2.5 is a target of SIRT1-dependent deacetylation.\
(**a**) GST-Nkx2.5 and p300 were overexpressed in HEK293A cells, and then GST-Nkx2.5 was purified and subjected to an *in vitro* deacetylation assay in the presence/absence of recombinant SIRT1 and NAD. (**b**) Myc-Nkx2.5 was co-transfected with SIRT1, mutant SIRT1H363Y or SIRT2 into HEK293A cells for 48 hours, and then immunoprecipitation and western blot were performed with the indicated antibodies. (**c**) Myc-Nkx2.5 was co-transfected with increasing amounts of SIRT1 plasmid into HEK293A cell for 48 hours, and then immunoprecipitation and western blot were performed with the indicated antibodies. (**d**) Myc-Nkx2.5 was co-transfected with SIRT1 into HEK293A cells and the cells were then treated without or with 5 mM nicotinamide (NAM) for 48 hours. Immunoprecipitation and western blot were performed with the indicated antibodies. (**e**) Myc-Nkx2.5 was co-transfected without or with SIRT1 siRNA into HEK293A cells for 48 hours, and then immunoprecipitation and western blot were performed with the indicated antibodies. (**f**) Cardiomyocytes were infected with adenovirus-mediated shSIRT1 (Ad-shSIRT1) or control shRNA (Ad-shCtrl) for 48 hours, and then immunoprecipitation and western blot were performed with the indicated antibodies.](srep36576-f4){#f4}

![Lysine 182 of Nkx2.5 is deacetylated by SIRT1.\
(**a**) Luciferase assay showing that the mutation of lysine 182 reduces the transcriptional activity of Nkx2.5. pGL3-*ANF*-Luc plasmid was co-transfected with WT and mutant Nkx2.5 into HEK293A cells for 48 hours and then a luciferase assay was performed. \*\*p \< 0.01 *vs.* Ctrl, ^\#\#^p \< 0.01 *vs.* WT. The data are expressed as the means ± SEM of three independent experiments. (**b**) Multiple species contain a potentially conservatively acetylated lysine residue. The Nkx2.5 protein sequence from multiple species was BLASTed based on the reversibly acetylated lysine located at amino acid 182 (\*) in mice. (**c**) Western blot showing that mutation of lysine 182 reduces the acetylation level of Nkx2.5. Myc-tagged wild type Nkx2.5 (Myc-WT) or mutant Nkx2.5-K182R (Myc-K182R) was expressed in HEK293A cells for 48 hours and were transfected into HEK293A cells for 48 hours and then immunoprecipitation and western blot were performed with the indicated antibodies. (**d**) Tandem mass spectrometry (MS/MS) analysis of Nkx2.5 peptide (AA residues 176--195) demonstrates that the acetylated lysine 182 of Nkx2.5 is deacetylated by SIRT1.](srep36576-f5){#f5}

![SIRT1 regulates the transcriptional activity of Nkx2.5.\
(**a**) SIRT1 overexpression represses Nkx2.5-mediated transactivation of the *ANF* promoter. pGL3-*ANF*-Luc and pRL-TK were co-transfected into HEK293A cells without or with Nkx2.5 and SIRT1 expression plasmids. Data are expressed as the means ± SEM of three independent experiments. (**b**) SIRT1 overexpression inhibits the expression of *Anf* in cardiomyocytes. NRCMs were infected with Ad-SIRT1 or Ad-Ctrl for 48 hours, and then the mRNA expression of *Anf* was analyzed using a qPCR assay. (**c**) SIRT1 overexpression represses Nkx2.5-mediated transactivation of the *SIRT1* promoter. pGL3-*SIRT1*-Luc and pRL-TK were co-transfected into HEK293A cells with Nkx2.5 and SIRT1 expression plasmid. The data are expressed as the mean ± SEM of three independent experiments. (**d**) Sirtinol increases the protein levels of SIRT1 in cardiomyocytes. NRCMs were treated with the indicated concentrations of Sirtinol for 48 hours, and then the protein levels of SIRT1 was analyzed using western blot. (**e**) Nicotinamide (NAM) increases the protein levels of SIRT1 in cardiomyocytes. NRCMs were treated with the indicated concentrations nicotinamide for 48 hours, and then the protein levels of SIRT1 were determined using western blot.](srep36576-f6){#f6}

![SIRT1 inhibits the interaction of Nkx2.5 with SRF and TBX5.\
(**a**) SIRT1 inhibits the interaction between Nkx2.5 and SRF. Nkx2.5 and SRF plasmids were co-transfected with/without SIRT1 into HEK293A cells for 48 hours, and then immunoprecipitation and western blot assays were performed with the indicated antibodies. (**b**) SIRT1 inhibits the interaction between Nkx2.5 and TBX5. Nkx2.5 and TBX5 plasmids were co-transfected with/without SIRT1 into HEK293A cells for 48 hours, and then immunoprecipitation and western blot assays were performed with the indicated antibodies.](srep36576-f7){#f7}
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